Abstract: Tall expansive grasses act as serious weeds since they spread intensively and are a important threat to biodiversity of various plant communities. A field experiment was set up based on three sets of paired plots, where Calamagrostis epigejos and Arrhenatherum elatius dominated and a mixture of both these tall grasses occurred. Parallel plots were treated by additional amounts of nitrogen (50 kg N ha −1 ) for six years (2002)(2003)(2004)(2005)(2006)(2007). Above-ground biomass was harvested in both wet (2004) and dry (2007) years, separated in individual fractions, and weighed to determine the above-ground biomass. We wanted to know if a higher nitrogen availability in dry year can support above-ground growth of expansive tall grasses C. epigejos and A. elatius and what their competitive ability of these tall grasses in mixture is in dry conditions. Drought resulted in a decrease in above-ground biomass production of studied tall expansive grasses, and, in a relative increase in mortality of A. elatius shoots in comparison with C. epigejos. Drought can substantially reduce the effect of applied nitrogen on above-ground growth of expansive tall grasses. However, A. elatius appears to be producing more above-ground biomass after application of N even in relatively dry conditions.
Introduction
Biological invasions by alien plant species are largescale phenomena of widespread importance and represent one of the major treats to European biodiversity (Lambdon et al. 2008) . A similar behaviour is also typical for several native European perennial C-3 plants such as for tall grasses Calamagrostis epigejos (L.) Roth and Arrhenatherum elatius (L.) J. Presl et C.
Presl.
C. epigejos, a rhizomatous perennial grass, tolerates most often dry sites on soils with a very low content of organic matter and low to very low contents of N; however both the growth and reproduction are enhanced under open, moist and nutrient (especially N) rich conditions (e.g., Rebele & Lehmann 2001; Fiala et al. 2003) . C. epigejos exhibits extremely broad ecological amplitude, growing from littoral zones of aquatic habitats to dry steppe sites. It can be considered as the most expansive species in the landscape of the Czech Republic. Nowadays, C. epgejos is dominant in the majority of disturbed habitats from lowland to submontane zone. A conspicuous further expansion of this species is expected (Prach & Wade 1992) .
A. elatius, a tuft forming perennial tall grass, is commonly found on well-aerated, moderately deep neutral or nearly neutral soils of high to moderate fertility (Pfitzenmeyer 1962) . A. elatius is a fast-growing grass and early-successional species, that dominates nutrientrich communities (Fraser & Grime 1998; Tůma et al. 2005) . Expansive grasses are a serious threat to biodiversity. Negative correlations were found between increasing dominance of A. elatius and C. epigejos and species richness (Sedláková & Fiala 2001; Fiala et al. 2004 ). The competitive grasses can arrest succession for a long time forming a dense, compact sward (Prach & Pyšek 2001) . In this respect, C. epigejos plays a prominent role in the present Central European landscape. Thus both mentioned tall grasses represent plant species of global importance due to their intensive expansion into various ecosystems and to recent spreading in large areas in Europe and North America (e.g., ten Harkel & van der Meulen 1996; Rebele & Lehmann 2001; Wilson & Clark 2001; Fiala et al. 2003) .
Grass species especially often increase markedly as a result of eutrofication. Increased nitrogen (N) availability is obviously of major importance in European grasslands and is indicated by enhanced growth of some tall grasses (Bobbing & Roelofs 1995) . Calamagrostis 276 K. Fiala et al.
epigejos and Arrhenatherum elatius, not excepted, increase strongly as a result of enhanced nutrients availability, especially of N (Oomes & Mooi 1981; Berendse et al. 1992; Fiala et al., 2003 Fiala et al., , 2004 Liancourt et al. 2009 ).
The earlier our results concerning competitive ability studied tall grasses obtained in cultivation experiments suggest that the competitive ability of Calamagrostis relative to Arrhenatherum declined in the heterogeneous soil environment when compared to homogeneous treatments (Tůma et al. 2009 ). Thus nutrient heterogeneity can enhance the competitive ability of Arrhenatherum relative to Calamagrostis. The greatest significant increases in relative yield of Arrhenatherum growing in mixtures with Calamagrostis occurred in both unfertilized and fertilized unclipped treatments (Tůma et al. 2005) . Intensive allocation of nitrogen to the aboveground biomass of Arrhenatherum and Calamagrostis as a response to clipping contributed to the high losses of nitrogen from these species, which were associated with a decrease of competitive ability.
Climate change models forecast a reduction in annual precipitation and more extreme events (less rainy days and longer drought period between rainfall events), which may have profound effects on terrestrial ecosystems. Plant growth and community dynamics are likely to be affected by these changes since productivity is limited by water availability. Climate change may affect ecosystem functioning through increased temperature or changes in precipitation patterns (Stemberg et al. 1999; Fay et al. 2008) . Drought imposed on the earlier growth stages, most drastically influenced plant growth and final yield (e.g., Stampfli 1992; Holub 2002) . Such changes may affect numerous soil, plant, and ecosystem properties in grasslands and ultimately affect their productivity and biological diversity. In order to understand the probable changes in growth and production of tall expanding grasses, it is essential to analyse also their adaptation to different rainfall conditions. Grasslands in the Podyjí National Park (South Moravia, the Czech Republic) are a highly diverse community with many characteristic species. A great part of the area was covered with a dry acidophilous short grass vegetation represented by the plant community Potentillo-arenariae-Agrostidetum vienalis (see Sedláková & Fiala 2001) . Since 1995, however, a large increase of tall grasses A. elatius and C. epigejos has been observed in these communities. Great areas of original short grass communities have been already replaced by nearly monospecific stands of these tall grasses.
We set up a field experiment to study the effect of N addition on formation of above-ground biomass of expanding tall grasses Calamagrostis epigejos and Arrhenatherum elatius. Substantial differences in amount of precipitation recorded in individual years enable us to study the effect of both N addition and drought on expanding tall grasses, especially on formation their above-ground biomass. We wanted to know and compare the extent of their above-ground biomass reduction in dry conditions, i.e., their drought tolerance and the competitive ability of these grasses.
The following hypotheses were tested: i) The effect of additional N supply will be greater on the increase of above-ground biomass of the tall grass A. elatius in wet year than on C. epigejos, because A. elatius is considered as a fast-growing, mesophilic species, whose biomass responds dramatically to a high soil fertility treatment.
ii) In a mixture of both tall grasses, the aboveground biomass of C. epigejos will increase in wet year after N application, due to an extensive system of below-ground organs which can take up nutrients more easily.
iii) The effect of additional N on an increase of above-ground biomass of tall grasses will be eliminated in dry year, because droughts can reduce nutrient availability.
iv) Formation of above-ground biomass of C. epigejos will be less affected by dry conditions compared to A. elatius, due to an extensive system of below-ground organs.
Material and methods

Study sites
Our studies were carried out in the Podyjí National Park near the town of Znojmo (the Czech Republic). Studied stands were located near the village Havraníky (48
• 01 E). A great part of the area is covered with dry acidophilous short grass vegetation represented by the plant community Potentillo-Agrostidetum (see Introduction). The bedrock is formed by granite, with a nutrient-poor shallow soils of Ranker type (Table 1 ). The studied locality (altitude around 320 m) was characterized by annual mean air temperature 9.0
• C and 587 mm of yearly sum of precipitation. The amount of precipitation water was collected monthly at studied locality. Changes in above-ground plant biomass were determined in relatively wet (2004) 
Vegetation analyses
Common species in the intact acidophilous dry grassland were, beside the dominant Festuca ovina, graminoids Avenula pratensis, Phepum phleoides, Avenella flexuosa, Anthoxanthum odoratum, Poa pratensis, Carex humilis and dicots Pimpinella saxifraga, Potentilla arenaria, Thymus praecox, Genista pillosa, Achilea collina, Hieratium pilosella, Rumex acetosella.
Stands characterized by considerable dominance of A. elatius and/or C. epigejos (mostly nearly monospecific), as well as a mixture of both tall grass species were studied in described region. Increasing dominance of both tall grasses was strongly negatively correlated with the species richness. In these stands the number of species decreased to less than 63% and 44% of the original number in the dry grassland (Fiala et al. 2004 ). The forbs especially disappeared almost completely in Calamagrostis. They recorded 5.0 and 3.5 plant species in A. elatius and C. epigejos stands on the average.
On the area of approximately five hectares, four 2 × 2 m plots were laid out in stands dominated by both A. elatius and C. epigejos (further referred as Arrhenatherum and Calamagrostis stands). Four plots were placed on the boundary between both tall grasses, i.e., characterized by mixture of both tall grasses. Stands in other twelve parallel plots of the same size, situated closely to the first set of plots, were treated by additional amounts of N (50 kg N ha −1 , i.e., 5 × 10 kg N ha −1 during growing seasons) for six years (2002) (2003) (2004) (2005) (2006) (2007) in order to study the above-ground biomass production of studied grasses affected by additional N. Above-ground plant parts were collected from area 20 × 40 cm (one replication in each of four 2 × 2 m plots) in August 31, 2004 and August 15, 2007 (placed in different parts of 2 × 2 m plots). Samples were sorted into the following groups: above-ground parts of A. elatius, C. epigejos, other graminoids (grasses, Carex sp.) and dicotyledons. In addition, living and dead above-ground parts of both tall grasses and a great amount of undecomposed plant litter were separated in the dry 2007 year. After drying (at 60
• C for three days) the plant material was weighed.
Statistical analysis
Obtained data were evaluated by means of the analysis of variance, using statistical package STATISTICA 7.0. Threeway ANOVA analysis was used to test the effect of N fertilization, plant species and years, as independent variables, on the above-ground biomass of C. epigejos, A. elatius, other grasses, dicotyledons and above-ground biomass as dependent variables. F-value and resulting P level were determined. Significant differences among means were tested (LSD test (P < 0.05) after ANOVA). 
Results
Effect of nitrogen addition on above-ground biomass
Three-way ANOVA analysis, evaluating all data obtained in two years, has shown that the amount of above-ground biomass of individual plant species, biomass of other present grasses, and dicotyledons (except total above-ground dry mass) differed significantly by species (Table 2) . Application of additional N affected significantly the biomass of both tall grasses, A. elatius particularly, and the above-ground biomass of whole stands as well. Fertilization did not influence significantly the biomass of dicotyledons and other graminoids. The analysis of variance also confirmed the effect of different years on biomass of both tall grasses and separated fractions of above-ground plant parts. Concerning interactions, the above-ground biomass was affected by species and fertilization, as well as by species and year (Table 2 ).
In the wet year, higher inputs of N in grass stands affected significantly above-ground biomass of both tall grasses, as well as the total above-ground biomass of whole Calamagrostis stands (Fig. 2) . Dry mass of above-ground biomass of A. elatius increased by 123% and C. epigejos by 77% and they reached after N fertilization, respectively, 477 ± 51 (mean ±SE) and 627 ± 117 g m −2 on the average. In Arrhenatherum stands, on the contrary, the application of N resulted in significant reduction of the amount and proportion of other present grasses from 299 ± 35 g m −2 (53% of total above-ground biomass) down to 177 ± 62 g m −2 (24%) (Fig. 2) .
In comparison with unfertilized stands, additional amount of N applied to mixtures of both tall grasses increased twofold the above-ground biomass of C. epigejos in the wet year (up to 272 ± 65 g m −2 on the average). However, biomass of A. elatius was not changed here, ranging in both treatments around 325 g m −2 on the average. Nevertheless, the amount of dry mass of other grasses increased (Fig. 2) . However, all these changes were not significant.
Effect of drought on above-ground biomass
In the dry year 2007, the production of aboveground biomass was markedly lower in all treatments (by 50-60 %) (Fig. 2) . Nevertheless, an increase in above-ground biomass of both tall grasses remained, due to application of N. In comparison with unfertilized stands, above-ground biomass of A. elatius was after N fertilization higher by 35% (statisEffect of nitrogen and drought on above-ground biomass of C. epigejos and A. elatius tically significant difference) and that of C. epigejos by 41%. The proportion of A. elatius in above-ground biomass of a mixture of both tall grasses prevailed in both treatments, although not significantly. After N applications it represented 67% of all above-ground biomass of stands in the dry year and the dry mass of this plant species attained 180 ± 24 g m −2 . In comparison with C. epigejos, the above-ground biomass of A. elatius was mostly formed by dead parts in the middle of August of the dry year, when samples were collected. The proportion of living plant matter was nearly two times lower in A. elatius (35.6%) than that in C. epigejos (68.6%) (Table 3) . Dry mass of mostly dead biomass of dicotyledons (mostly Pimpinella saxifraga L., Veronica officinalis L., Galium verum L.) was extremely low (ranging between 1.3 and 8.5 g m −2 ) and other grasses practically disappeared in the dry year due to both competition of tall grasses and reduced water availability.
The greatest accumulation of plant litter was found in unfertilized stands of C. epigejos (422 ± 40 g m −2 ) and the lowest values characterized fertilized stands with a mixture of both tall grasses (196 ± 25 g m −2 ) ( Table 3 ). The highest values of total above-ground biomass, comprising both dry mass of above-ground biomass and litter, were found in fertilized stands of both tall grasses (621 ± 56 g m −2 -A. elatius, 650 ± 75 g m −2 -C. epigejos).
Discussion
Effect of nitrogen addition on above-ground biomass The effect of N supply upon the above-ground biomass of studied tall grasses was quite evident in wet year and was in accordance with results obtained by several authors (e.g., Oomes & Mooi 1981; Berendse et al. 1992; Brünn 1999; Liancourt et al. 2009 ). Arrhenatherum elatius produced 2.2 times more above-ground biomass whereas C. epigejos only 1.8 times more in their stands, due to a greater N availability, as our first hypothesis also expected. Nevertheless, above-ground biomass of C. epigejos attained 627 g m −2 after N application in contrast to studied unfertilized stands (355 g m −2 ) where this species dominated. Plant species from nutrient-poor habitats, like C. epigejos, have an advantage by being better able to retain captured nutrients due to a longer life span of tissues (e.g., Diemer et al. 1992; Schläpfer & Ryser 1996) . Both A. elatius and C. epigejos are highly efficient systems of nutrient retranslocation due to their well-developed rhizomes and shoot bases (Holub 2002; Fiala et al. 2004) . As a consequence of these features, C. epigejos and A. elatius can benefit more from available N than other plant species. These features of both tall grass species, among others, can be reflected in substantial increase of their above-ground biomass under an enhanced N availability.
In the mixture of both tall grasses, the amount of above-ground biomass of C. epigejos was doubled (not significantly) after N addition, as expected in our second assumption. However, no reduction of aboveground biomass of A. elatius was observed and the proportion of its biomass in total above-ground biomass of fertilized stands was higher (A. elatius reached 46%, C. epigejos 39%). The greatest significant increases in relative yield of A. elatius growing in mixtures with C. epigejos for one year occurred in both unfertilized and fertilized unclipped treatments (Tůma et al. 2005) . In early-successional phases, heterogeneous soil environment may enhance competitive ability of tuft forming A. elatius with the phalanx type of growth (Tůma et al. 2009 ). Calamagrostis epigejos, a guerilla grass, is considered as a species with greater ability to acquire nutrients from soils being characterized by an extensive system of below-ground organs and able to use rhizomes in the selective placement of ramets into high resource patches (de Kroon & Hutchings 1995) . Competitive ability of C. epigejos can obviously increase with time, i.e., with the formation of large below-ground plant systems, rhizomes in particular. Calamagrostis epigejos was able to spread into stands formed by A. elatius tufts and to replace A. elatius (Fiala et al. 2004 ). On the contrary, fast growing species, such as A. elatius, may lose their initial advantage of fast growth because of nutrient losses due to a short organ life span (Schläpfer & Ryser 1996) . Thus C. epigejos, the guerrilla growth strategy, could further cause competitive exclusion of A. elatius (Fiala et al. 2004 ). The competitive superiority of C. epigejos was evident on the most productive substrate in the long run (Rebele 2000) . Thus, species like C. epigejos, capable of the guerrilla type growth are often more successful later in succession than those of phalanx type growth like A. elatius (Prach & Pyšek 1994) .
Effect of drought on above-ground biomass Effect of different years (wet and dry) on above-ground biomass of studied tall grass species was confirmed by the analysis of variance. Above-ground biomass of studied stands attained in dry year only 40 to 50% of values recorded in wet 2004 year. Above-ground biomass and plant abundance in grasslands mostly decreased with decreasing rainfall (e.g., Stampfli 1992; Silvertown et al. 1994; Holub 2002) . In contrast to the C-4 drought tolerance grasses, the abundance of C-3 grasses can usually varied significantly in native grassland among different years (Wilson 2007 ). This nature is also reflected in our obtained results.
The trend indicating an increase of above-ground biomass (mostly not significant), due to N application, was also noticed in dry year although the increase of values of above-ground dry mass was substantially lower than recorded in wet year. Thus our third assumption that the effect of additional N on an increase of aboveground biomass of tall grasses will be eliminated in dry year was not confirmed. The growth and the relative abundance of A. elatius can be primarily stimulated by nutrient addition than water addition (Liancourt et al. 2005) . Nevertheless, competition intensity increased for this species with both watering and fertilization. Brünn (1999) reported a relatively smaller biomass increment of C. epigejos for dry sites after N fertilization (50 kg N ha −1 yr −1 ). However, in our experiments it appears, that above-ground biomass of A. elatius can significantly increase after fertilization even in unfavourably dry soil. Although not significant, the increase of its total biomass was also recorded in studied mixture of both tall grasses. Thus our fourth assumption, that biomass production of C. epigejos will be less affected by dry conditions, was not fully confirmed. Our results show rather the opposite relation than we expected, i.e., A. elatius produced probably more aboveground dry mass. Calamagrostis epigejos is unable to spread if the stress factors nutrient deficiency and drought are combined (Süss et al. 2004 ). However, in contrast to A. elatius, the above-ground biomass of C. epigejos was mostly formed by living parts of studied stands in the middle of August of the dry year.
In conclusion we can state that obtained results indicate that drought can substantially change the aboveground biomass production of tall expanding grasses, reduce the effect of additional N and increase the dieback of above-ground parts of A. elatius due to a low amount of precipitation. However, the above-ground biomass production of A. elatius was in its stands significantly higher after application of N either in relatively wet or dry conditions.
